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Abstract 
Fatigue crack growth tests of lead-contained (Sn-37Pb) and lead-free (Sn-3.0Ag-0.5Cu) solders were conducted 
under frequencies ranged from 10 to 0.1 Hz and a stress ratio of 0.1 at room temperature and 70qC. J-integral range 
('J) and modified J-integral (C) were used for discussing about cycle-dependent and time-dependent crack growth 
behavior for both the solders. The experimental results showed that crack growth behavior of both the solders was
predominantly time-dependent at lower frequency and higher temperature, while it was predominantly cycle-
dependent at higher frequency and lower temperature. Under the present test condition of stress ratio of 0.1, when the 
frequency was higher than 0.5 Hz at room temperature and 1 Hz at 70qC for both the solders, crack growth behavior 
was cycle-dependent. The crack growth resistance of lead-free solder was higher than that of lead-contained solder,
which was much significant in time-dependent region. From the fracture surface observations, it was found that as the 
frequency decreased and/or the temperature increased, the fracture surface appearance changed from transgranular to 
intergranular manner for both the solders.
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1. Introduction 
Generally solder joints were subjected to cyclic loading during processing and service due to the 
mismatch of thermal expansion coefficient between components as well as mechanical vibration [1]. 
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Moreover, temperature of solder joints in the electronic packages is ranged between 25qC and 100qC, 
which corresponds to a high homologous temperature for solder materials [2]. Therefore, the damage due 
to fatigue, creep and their interaction may take place in the solder during their operation. Fatigue damage 
consists of crack nucleation and growth. However, since crack nucleation of solder joints is generally 
early, crack growth process is dominant in total fatigue life of solder joint [3, 4]. Thus the capability to 
predict the crack growth life is vital for life estimation of the solder joint. For understanding crack growth 
behavior of solders, Zhao et al. [5] conducted fatigue crack growth test of Sn-3.5Ag at room temperature 
under frequencies from 0.1 to 10 Hz with stress ratio of 0.1 to 0.7. They reported that fatigue crack 
growth behavior of Sn-3.5Ag was changed from cycle-dependent to time dependent when stress ratio 
increased and frequency decreased. In case of Sn-37Pb and Sn-3.0Ag-0.5Cu solders, Zhao et al. [6] also 
reported that the fatigue crack growth behavior was predominantly time-dependent for the frequencies of 
0.1 Hz under stress ratio of 0.1 and 10 Hz under stress ratio of 0.7 at room temperature. Nevertheless, 
more work is needed to reveal the details of transition from cycle-dependent to time-dependent crack 
growth behavior of Sn-37Pb and Sn-3.0Ag-0.5Cu solders, especially due to influence of temperature. 
In the present work, effects of temperature and frequency on creep-fatigue crack growth behavior of 
Sn-37Pb and Sn-3Ag-0.5Cu solders were investigated. The transition from cycle-dependent to time-
dependent crack growth behavior was investigated by decreasing the cyclic frequency from 10 Hz to 0.1 
Hz and increasing temperature from room temperature to 70oC. In addition the creep crack growth (CCG) 
tests were also conducted for comparison. 
2. Experimental procedure 
2.1. Materials 
The solders used in this study were as-cast Sn-37Pb and Sn-3.0Ag-0.5Cu alloys. Mechanical properties 
of the solders used are shown in Table 1. The microstructure of Sn-37Pb solder is composed of E-Sn 
phase (dark) and Pb-rich phase (light), as seen from Fig. 1a. For the Sn-3.0Ag-0.5Cu solder, the 
microstructure is composed of dendritic E-Sn phase (dark) and eutectic network of dispersed Ag3Sn 
(light) and Cu6Sn5 intermetallic compounds within the E-Sn phase, as seen from Fig. 1b.  
Table 1. Mechanical properties of the Sn-37Pb and Sn-3.0Ag-0.5Cu solder. 
 
 
 
 
 
 
 
Fig. 1. Microstructure of (a) as-cast Sn-37Pb solder; (b) as-cast Sn-3.0Ag-0.5Cu solder. 
Solder 
Young’s modulus 
(GPa) 
Yield strength 
(MPa) 
Tensile strength 
(MPa) 
Sn-37Pb 30.2 18.1 39.7 
Sn-3.0Ag-0.5Cu 54 25.3 50.6 
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2.2. Crack growth experiment 
The center crack tension (CCT) plate specimen with 20 mm in gauge length, 20 mm in width and 2 
mm in thickness was used for the crack growth tests, as shown in Fig. 2. Specimens were cut from as-cast 
solder block by using an NC machine and a center notch was introduced by an EDM machine. Then the 
specimens were annealed at 154qC for 1 hr for homogenizing microstructure and reducing residual stress. 
The crack growth tests were conducted on a servo-hydraulic fatigue machine with 1 kN capacity of load-
cell. Crack length was measured by using a traveling microscope with an accuracy of 10 Pm.  Crack 
mouth opening displacement (COD) was measured by using extensometer with 0.1 Pm accuracy. In order 
to increase the specimen temperature during crack growth tests, two resistance-type heating elements 
were attached at upper and lower parts of specimen. The fluctuation of test temperature in the gauge part 
was maintained within a range of ±1qC. All crack growth tests were conducted in laboratory air at 
temperatures of 21qC (room temperature) and 70qC. Fatigue crack growth tests were conducted by using 
sinusoidal waveform of loading with a stress ratio of 0.1 under frequencies of 10, 1, 0.5 and 0.1 Hz at 
room temperature and under frequencies of 10, 5, 1 and 0.1 Hz at 70qC. Creep crack growth tests were 
also conducted under a constant load at temperatures of 21qC and 70qC. Before the crack growth tests, all 
specimens were introduced a fatigue precrack with length of 0.5 mm at each side of notch root. The final 
'K used for precracking was equal to the initial 'K used for fatigue and creep crack growth tests. 
 
 
 
 
 
 
 
Fig. 2. Geometry of CCT specimen. 
2.3. Fracture mechanics parameter 
Since the solders are low yield strength materials, a large plastic zone will be formed ahead of crack 
tip during fatigue crack growth tests. J-integral range ('J) is an effective parameter for the large scale 
yielding condition. Therefore, 'J was evaluated for discussing FCG behavior. For CCT specimen, 'J can 
be evaluated by the following equation [7, 8]. 
 
  (1) 
 
where 'K is the stress intensity factor range, E Young’s modulus, Sp the area beneath the load versus 
displacement curve, B the specimen thickness, W the specimen width and a the half crack length.  
Modified J-integral or C parameter was used for discussing crack growth behavior of solder in creep 
regime. For CCT specimen, C parameter was evaluated by the following equation [9]. 
 
   (2) 
 
Where n is the creep exponent, P the applied load and CODV  the crack opening displacement rate. The 
n values for Sn-37Pb and Sn-3.0Ag-0.5Cu solders were obtained from the experimental data of minimum 
creep strain rate versus stress in plain specimens tested at room temperature and 70qC. The n values for 
Sn-37Pb solder tested at room temperature and 70qC were 4.6 and 3.34, respectively and 5.05 and 4.1 for 
Sn-3.0Ag-0.5Cu solder tested at room temperature and 70qC, respectively.  
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3. Results and discussion 
3.1. J-integral range 
Figure 3 shows relationships between cycle-dependent crack growth rate (da/dN) and 'J for Sn-37Pb 
and Sn-3.0Ag-0.5Cu solders tested under various frequencies at room temperature and 70qC. As seen 
from the figure, there were four groups of the crack growth curve: the first group was those tested at room 
temperature under f = 10 and 1 Hz for both the solders, the second was those tested at 70qC under f = 10 
and 5 Hz for both the solders, the third was those tested at room temperature under f = 0.5 and 0.1 Hz for 
both the solders, and the fourth was those tested at 70qC under f = 1 and 0.1 Hz for both the solders. The 
first and second groups indicated similar slope, while the crack growth rate was higher at 70qC (second 
group) compared to that at room temperature (first group). The other two groups showed similar slope, 
which were steeper than those for the first and second groups. The crack growth rate of the fourth group 
tested at 70qC was higher than those tested at room temperature (third group). As mentioned above, the 
sloped of the crack growth curves for frequencies of 0.1 and 1 Hz at 70qC and for 0.5 and 0.1 Hz at room 
temperature were steeper than those for 10 and 5 Hz at 70qC and for 10 and 1 Hz at room temperature. 
This might suggest significant creep effect, that is time-dependent crack growth, at lower frequency and 
higher temperature. 
 
 
Fig. 3. Relationship between da/dN and 'J for Sn-37Pb and Sn-
3.0Ag-0.5Cu solders. 
Fig. 4. Relationship between da/dt and C for Sn-37Pb and Sn-
3.0Ag-0.5Cu solders. 
3.2. Modified J-integral 
Relationships between time-dependent crack growth rate (da/dt) and C parameter for Sn-37Pb and Sn-
3.0Ag-0.5Cu solders tested under various frequencies at room temperature and 70qC are shown in Fig. 4. 
Creep crack growth data at room temperature and 70qC for both the solders are also indicated in the 
figure. As seen from the figure, creep crack growth resistance of the Sn-3.0Ag-0.5Cu solder was higher 
than that of the Sn-37Pb solder. The fatigue crack growth data for 0.5 and 0.1 Hz at room temperature and 
for 0.1 and 1 Hz at 70qC were laid in the scatter bands of each creep crack growth curve for the Sn-37Pb 
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and Sn-3.0Ag-0.5Cu solders, respectively. The relationships between da/dt and C under time dependent 
condition for Sn-37Pb and Sn-3.0Ag-0.5Cu solders are given by Eq. 3 and Eq. 4. 
33.1710353.2 u C
dt
da (Sn-37Pb solder)  (3) 
 
1.1810782.4 u C
dt
da (Sn-3.0Ag-0.5Cu solder) (4) 
On the other hand, fatigue crack growth data points for 1 and 10 Hz at room temperature and for 5 and 
10 Hz at 70qC were placed upper the creep crack growth curves, which would be induced by acceleration 
of crack growth rate due to cyclic fatigue effect. 
3.3. Fractography 
The fracture surfaces of Sn-37Pb and Sn-3.0Ag-0.5Cu solders tested under cycle-dependent condition 
(10 and 1 Hz at room temperature and 10 and 5 Hz at 70qC) were dominated by transgranular fracture 
mode. For example, the typical transgranular fracture for Sn-37Pb and Sn-3.0Ag-0.5Cu solders are shown 
in Fig. 5. Whereas the fracture surfaces for Sn-37Pb solder tested under time-dependent condition (0.1 
and 0.5 Hz at room temperature and 1 and 0.1 Hz at 70oC as well as CCG tests) were dominated by 
intergranular fracture mode, as shown in Fig. 6a. As seen from the figure, small dimples on grain facets 
could be seen more clearly. Figure 6b shows fracture surface of Sn-3.0Ag-0.5Cu solder specimen tested 
under frequency of 0.1 Hz at 70qC (time dependent condition). As seen from the figure, the fracture 
surface was dominated by ductile dimple fracture mode. From the cross-section observation, it was 
confirmed that the fracture surface of Sn-3.0Ag-0.5Cu solder tested under time-dependent condition was 
predominantly intergranular, as shown in Fig. 7. 
 
 
 
 
 
 
 
 
Fig. 5. Fracture surfaces in cycle-dependent region for (a) Sn-37Pb solder; (b) Sn-
3.0Ag-0.5Cu solder. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Fracture surfaces in time-dependent region for (a) Sn-37Pb solder; (b) Sn-
3.0Ag-0.5Cu solder. 
Fig. 7. Cross-sectional observation of 
fracture surface for Sn-3.0Ag-0.5Cu 
solder tested under a frequency of 0.1 Hz 
at 70qC. 
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3.4. Condition for cycle-dependent/time-dependent transition 
According to the foregoing results and discussion, Fig. 8 shows a summary of fatigue crack growth 
behavior of Sn-37Pb and Sn-3.0Ag-0.5Cu solders tested under frequencies from 10 Hz to 0.1 Hz with a 
stress ratio of 0.1 at room temperature and 70qC. The fatigue crack growth behavior of both the solders 
was a predominantly cycle-dependent behavior with transgranular fracture manner at high frequency and 
low homologous temperature, whereas the fatigue crack growth behavior was changed to time-dependent 
with intergranular fracture manner for both the solders under low frequency and high homologous 
temperature. The transition between cycle-dependent and time-dependent crack growth behavior for the 
present solders is indicated in the figure as a broken line. When the stress ratio becomes high, the 
transition may move to higher frequency and lower temperature side according to the result reported [6], 
which is also shown in Fig. 8. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Summary of crack growth behavior of Sn-37Pb and Sn-3.0Ag-0.5Cu solders. 
4. Conclusion 
The fatigue crack growth behavior of Sn-37Pb and Sn-3.0Ag-0.5Cu solders tested under frequencies 
of 10 and 1 Hz at room temperature and 10 and 5 Hz at 70oC were predominantly cycle-dependent with 
transgranular fracture mode. Whereas the fatigue crack growth behavior of Sn-37Pb and Sn-3.0Ag-0.5Cu 
solders tested under frequencies of 1 and 0.1 Hz at 70oC and 0.5 and 0.1 Hz at room temperature were 
predominantly time-dependent with intergranular fracture mode. The crack growth resistance of Sn-
3.0Ag-0.5Cu solder was higher than Sn-37Pb solder, which was much significant in time-dependent 
region. 
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